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Abstract
Fungal populations that reproduce sexually are likely to be genetically more diverse and have a higher adaptive potential
than asexually reproducing populations. Mating systems of fungal species can be self-incompatible, requiring the presence
of isolates of different mating-type genes for sexual reproduction to occur, or self-compatible, requiring only one.
Understanding the distribution of mating-type genes in populations can help to assess the potential of self-incompatible
species to reproduce sexually. In the locally threatened epiphytic lichen-forming fungus Lobaria pulmonaria (L.) Hoffm., low
frequency of sexual reproduction is likely to limit the potential of populations to adapt to changing environmental
conditions. Our study provides direct evidence of self-incompatibility (heterothallism) in L. pulmonaria. It can thus be
hypothesized that sexual reproduction in small populations might be limited by an unbalanced distribution of mating-type
genes. We therefore assessed neutral genetic diversity (using microsatellites) and mating-type ratio in 27 lichen populations
(933 individuals). We found significant differences in the frequency of the two mating types in 13 populations, indicating
a lower likelihood of sexual reproduction in these populations. This suggests that conservation translocation activities
aiming at maximizing genetic heterogeneity in threatened and declining populations should take into account not only
presence of fruiting bodies in transplanted individuals, but also the identity and balanced representation of mating-type
genes.
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Introduction
Sexual reproduction is an important factor for introducing
genetic variation in populations, thus providing the basis for long-
term adaptation and population survival [1]. Reshuffling gene
combinations in sexual reproduction can potentially improve the
adaptability of populations by producing progeny with enhanced
abilities to cope with changing environmental conditions. In
a varying habitat, sexual populations thus have higher chances of
survival and evolutionary potential than asexual populations [2].
Asexual reproduction, in contrast, leads to genetic uniformity and
is favorable for well-adapted populations in stable habitats as it
preserves locally adapted genotypes. Genetic uniformity is the
basis of vulnerability to epidemics and to biotic and abiotic stress
[3] as it limits the ability of species to respond to these threats in
both short and long terms. A population with low genetic diversity
may have a low adaptive potential.
Lichens, symbioses between a fungus and one or more algal
photobiont species, have often developed a complex reproductive
strategy that combines clonal and sexual reproduction [4–7]. The
costs and benefits of the two reproductive modes and hence the
frequency of their occurrence is governed by specific environ-
mental conditions and the ecological strategy of the species [8–10].
Because of their sensitivity to environmental and habitat changes,
a large number of lichen species have declined in anthropogeni-
cally influenced habitats [11–13]. Along land-use gradients in an
European study, reproductive modes explained a significant part
of the lichen community with species with sexual reproduction
being more frequent in open, intensively managed agricultural
land and species with relatively large, vegetative propagules were
restricted to forest landscapes with a lower level of disturbance
frequency [14]. By alternating clonal and sexual mode of
reproduction the best of the traits are preserved and reshuffled
to generate more suitable gene combinations resulting in locally
adapted genotypes [2].
In the fungi, almost the entire sexual cycle starting from the
recognition of a potential mate to the development of sexual
structures, is regulated by a specialized region of the genome
known as the mating-type (MAT) locus [15–17]. In ascomycetes,
which represent the majority of fungal symbionts in lichens, sexual
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MAT1-2, of the single regulatory MAT locus [5,16]. The
alternative forms of the MAT locus are referred to as ‘‘idiomorphs’’
rather than alleles [18–19]. In spite of being involved in the
common process of ‘‘regulating sexual reproduction’’, the
sequence and number of encoded proteins and transcription
factors vary strikingly between the two mating systems, bearing no
obvious allelic relationship to one another. One of the character-
istics of MAT genes is the presence of conserved DNA binding
motifs in the encoded proteins, which might serve as transcription
regulators [16,19]. For example, MAT1-1 encodes a protein with
conserved alpha box motif, and MAT1-2 protein contains
conserved DNA binding motif called HMG box [18–20].
However it has been shown that the alpha-box and the HMG
domains are evolutionary related and share similar structural
features in-spite of low sequence conservation [21]. These regions
display similar sequence features in different species that can be
targeted by degenerate PCR approaches [22–25].
The ascomycetes mating system may be further classified as
homothallic or heterothallic [18]. In homothallic species each
strain is self-fertile, requiring only one individual and a mating
type cannot be defined. In heterothallic species each haploid
individual harbors either MAT1-1 or MAT1-2, thus being self-
incompatible. Sexual reproduction in heterothallic species is
accomplished only when gamete nuclei come from parents with
different mating types. The relative proportion of mating types can
therefore have a critical influence on the reproductive potential of
the population [26]. Recombination in a population of a hetero-
thallic species, having a significantly unbalanced MAT isolates
ratio, may be restricted because of the paucity of compatible
sexual partners/spores. This effect may be aggravated by limited
dispersal capacity of the species and patchy distribution of suitable
habitats. In some cases, fixation of a single mating type in certain
areas may impose an obligate asexual mode of reproduction in
functionally heterothallic taxa (e.g., Magnaporthe grisea [27–28],
Aspergillus flavus [29]).
The assessment of genetic variation is widely used in preserving
threatened organisms particularly in species with small and
isolated populations. Despite the critical influence of sexual
reproduction on population genetic structure, long-distance
dispersal and evolutionary-adaptive potential of a species, mating
systems of lichen-forming fungi remain relatively unexplored.
However, a broad understanding of mating systems and their
distribution in natural populations is therefore essential for
devising sound conservation measures.
In this study we investigate mating-type loci in the epiphytic
lichen-forming fungus Lobaria pulmonaria (L.) Hoffm. This is one of
the best-studied lichen species [30], concerning its ecology [31–
32], population genetics [33–34] and photobiont selection [35]. It
has a wide geographic distribution covering major parts of Europe,
Asia, North America and Africa. However it has suffered
a substantial decline in European lowlands due to habitat
destruction and environmental pollution, and the species is
considered threatened throughout Europe and in many parts of
North America [36–37]. Previous studies [38] postulated L.
pulmonaria to be heterothallic. However heterothallism in L.
pulmonaria has not yet been demonstrated by molecular analyses.
Microsatellites are the marker of choice for estimating genetic
diversity and population structure of highly clonal organisms such
as lichens. The high mutation rate of microsatellite loci and thus
high variability gives them a far greater resolving power than
previous, sequence- based method. They are valuable tools for
detecting linkage disequilibrium associated with the absence of
sexual reproduction [35]. Recently, fungal and algal species-
specific highly variable microsatellite markers were used to infer
the genetic structure of the L. pulmonaria symbiosis and to infer the
relative contribution of sexual reproduction to the genetic
composition of lichen thalli in natural populations [35,39–40].
Our objectives here were to 1. Determine the mating system
(homothallic/heterothallic) in the lichen model organism Lobaria
pulmonaria, 2. Assess the distribution and frequencies of the two
mating types in 27 populations of L. pulmonaria with newly
developed, species-specific mating-type multiplex markers. 3.
Investigating the genetic structure and linkage disequilibrium
pattern using fungal and algal-specific microsatellite markers for
these populations.
Materials and Methods
Cultivation and DNA Isolation
Mycelia of two L. pulmonaria specimens (vouchers of the
Herbarium of the Swiss Federal Research Institute WSL,
Birmensdorf: 17061, Switzerland, in this study F1; 10161,
Scotland, in this study F2) were cultivated according to Denison
(2003) [41], with some modifications. A thallus with apothecia
was dried over silica gel and apothecia were collected on filter
paper moistened with sterilized water and were then placed on
the caps of inverted Petri dishes containing sterile medium of
1% alpha-cyclodextrin (Sigma-Aldrich) and 1.5% corn meal
agar (BD). Spores were discharged upward to the medium
within 1–2 days and started to germinate after three days. Caps
with filter papers and apothecia were then replaced by new
sterile ones. After two weeks of growth, axenic mycelia were
transferred to new Petri dishes. Germination and growth took
place at 16uC in complete darkness for three months. For each
fungal culture, ca. 17 mg of the mycelia grown from hundreds
of germinated spores, were harvested under sterile conditions
and pooled in an ice-cooled eppendorf tube containing 30 ml of
lysis buffer AP1 (Qiagen). The mycelia in the tube were frozen
before disruption of cell material with a mixer mill (MM300,
Retsch). DNA was isolated using DNeasy Plant Mini Kit
(Qiagen, Venlo, The Netherlands) according to the manufac-
turer’s instructions (Mini Protocol).
Photobiont DNA from L. pulmonaria was extracted as described
in [42]. The extraction was done with GenElute Plant Genomic
DNA Miniprep Kit (Sigma-Aldrich) according to the manufac-
turer’s instructions.
In addition, total genomic DNA, containing both fungal and
algal DNA, was extracted using DNeasy Plant Mini Kit (Qiagen)
according to the manufacturer’s recommendations. This involved
isolation from single lobes of L. pulmonaria specimens from
populations previously described in [35,40] (see Table 1).
454 Pyrosequencing of L. pulmonaria
The DNA of the mycobiont culture of L. pulmonaria was selected
to be shotgun sequenced (1/4
th run) using a Roche 454 Genome
Sequencer FLX with the Titanium Sequencing kit XLR 70 at
Microsynth AG (Balgach, Switzerland). The 454 sequencing was
done with the culture 10161 (Great Britain, Scotland, W 05u01’
23.6" N 36u41’47.7"). We obtained 73.2 Mbp of raw sequence
data, from the 1/4 run of 454 sequencing, containing
181’541reads/sequences with an average length of 363 bp. The
number of assembled sequences was 139937 with an average
length of 369 bp. The raw sequences represented large numbers of
individual sequence reads, which were then assembled into
contigs. A total of 181541 reads were assembled into 41692
contigs with an average length of 685 bp.
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The conserved regions of MAT1-1 and MAT1-2 genes of the
fungal DNA were first amplified using several sets of degenerate
primers (Table 2). Based on these sequences, species-specific
primer pairs were designed for sequencing out and population
analysis. The flanking regions of MAT1-2 were amplified by
inverse PCR [43]. To prepare for inverse PCR, genomic DNA
was digested with four restriction enzymes having recognition sites
outside the known region MspI, HhaI (Invitrogen, Switzerland) at
37uC for three hours (in 10 ml volume containing 1X buffer, 5U of
enzyme and 50 ng of DNA), followed by 20 mins heat inactivation
of the enzyme at 60uCo r6 5 uC. The digested DNA was then
allowed to self-ligate overnight at 16uC in 300 ml reaction volume
with 1X ligation buffer and 20 U T4 DNA ligase, followed by
ethanol precipitation. Precipitated DNA was then re-digested
overnight at 37uC with a six-cutter enzyme- XbaI (Invitrogen
Switzerland) having recognition site within the known region.
Reaction was performed in 10 ml having 1X buffer and 3 U
enzyme. The product obtained was then used as a template for
inverse PCR.
All amplifications were performed with 20 ng of DNA extract in
a total volume of 50 ml containing 18 ml of JumpStart REDTaq
ReadyMix PCR Reaction Mix (Sigma-Aldrich), 500nM of each
degenerate primer or 250 nM of the specific ones. The following
cycling conditions were used for MAT1-1 with degenerate primers:
(1) 2 min 94uC; (2) 40 cycles of 30 sec 94uC, 45 sec 50uC, 1 min
72uC; (3) 10 min 72uC final extension. The amplification of
MAT1-2 with degenerated primers used cycle conditions that
differ only in two points: 35 sec at 72uC elongation time in each
cycle and a total of 35 cycles. Finally, digested DNA prepared for
inverse PCR was amplified under the following conditions: (1)
2 min 94uC; (2) 35 cycles of 40 sec 94uC, 45 sec 50uC, 90 sec
72uC; (3) 10 min 72uC for the final extension. In the end, all
products obtained from degenerate primer PCR or inverse PCR
were excised from the agarose gel and purified using the MinElute
PCR Purification Kit (Qiagen) following the manufacturer’s
recommendations.
TAIL PCR for Sequencing the Flanking Regions
For sequencing the regions flanking the conserved regions of
mating-type genes, three rounds of TAIL-PCR were performed
Table 1. Information on the populations used in this study. See footnotes below for definition of terms.
Country Pop N FG FG:N
MAT1-1:
MAT1-2 X2 P-value I
A A H AG:N LG:N % CF % CL
Bulgaria BuD
1 28 14 0.50 14:14 0.034 0.8527 0.0773 2.80434 0.36463+/20.340840.64 0.68 50 32
France FV
1 35 17 0.49 21:14 1.4 0.2367 0.1096 2.84749 0.39463+/20.333740.60 0.60 51.42 40
Germany DS1
1 71 21 0.30 27:44 4.07 0.0436 0.2635 3.49557 0.56377+/20.285930.27 0.32 70.42 68
Greece GR1
1 34 25 0.74 15:19 0.471 0.4927 0.0119 3.45839 0.46701+/20.336060.85 0.85 26.47 18
GR3
1 42 27 0.64 19:23 0.381 0.5371 0.0222 3.18962 0.43132+/20.361670.83 0.83 35.71 17
GRR
1 35 8 0.23 30:5 17.857 ,0.0001 0.3987 2.53574 0.36356+/20.279560.23 0.34 77.14 66
Ireland IRK
1 35 27 0.77 13:22 2.314 0.1282 0.0344 3.4361 0.43741+/20.397030.86 0.91 22.85 9
Norway NA
1 17 9 0.53 3:14 7.118 0.0076 0.354 3.29721 0.49658+/20.264370.47 0.53 47.05 47
NT
1 31 18 0.58 13:18 0.806 0.3692 0.1607 3.63831 0.51839+/20.213920.55 0.68 41.93 32
MO1
1 19 13 0.68 3:16 8.895 0.0029 0.1121 3.82905 0.584+/20.19880 0.79 0.84 31.57 16
Portugal PO
1 38 13 0.34 23:15 1.684 0.1944 0.4204 3.12632 0.51596+/20.261340.47 0.50 65.57 50
Russia RTL
3 55 47 0.85 35:20 4.091 0.0431 0.0372 3.02682 0.45137+/20.330360.58 0.93 14.54 9
RVZ
3 16 14 0.88 6:10 1 0.3173 0.0148 3.93858 0.45781+/20.332270.69 0.88 12.50 13
RXS
3 69 62 0.90 33:36 0.13 0.718 0.0099 3.88675 0.43174+/20.321940.71 0.93 10.14 7
South Africa SA5
2 21 17 0.81 9:12 0.429 0.5127 0.029 3.00305 0.39123+/20.309300.95 0.95 19.04 5
SA6
2 21 17 0.81 4:17 8.048 0.0046 0.0915 3.30308 0.40247+/20.348250.90 0.90 19.04 10
SA10
2 17 13 0.76 12:5 2.882 0.0896 0.0934 2.94845 0.41834+/20.325730.82 0.82 23.52 18
Spain EG
1 21 18 0.86 2:19 13.762 0.0002 0.0853 4.07909 0.53849+/20.313680.86 0.86 14.28 14
ES
1 63 20 0.32 32:31 0.016 0.8997 0.18 2.85694 0.40587+/20.233560.37 0.41 68.25 59
EGR
1 9 5 0.56 1:8 5.444 0.0196 0.1648 2.625 0.3621+/20.27290 0.67 0.67 44.44 33
Switzerland B
1 43 12 0.28 14:29 5.233 0.0222 0.1415 2.8498 0.41042+/20.301490.42 0.44 72.09 56
CHM
1 39 19 0.49 18:21 0.231 0.631 0.1135 3.10305 0.43997+/20.304740.44 0.49 51.28 54
CHN
1 31 14 0.45 7:24 9.323 0.0023 0.0766 2.8569 0.34557+/20.321370.45 0.48 54.83 52
CHB
1 42 12 0.29 22:20 0.095 0.7576 0.0781 2.6866 0.34747+/20.358830.31 0.33 71.42 67
CHV1
1 23 11 0.48 17:6 5.261 0.0218 0.1663 2.48463 0.28048+/20.343090.52 0.57 52.17 43
CHS
1 36 4 0.11 31:5 18.778 0.0001 0.4663 1.59751 0.13394+/20.126250.25 0.25 88.88 75
Ukraine CA
1 42 36 0.86 14:28 4.667 0.0308 0.0729 3.77263 0.47446+/20.323740.88 0.90 14.28 10
1([40] - Appendix S1b);
2([35] - Table S1]);
3[47].
doi:10.1371/journal.pone.0051402.t001
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modifications. Primary TAIL reaction (20 ml) contained 7.2 ml
of Jump-Start, 0.2 mM of specific primer; 2 mM of respective
degenerate primer and 20 ng of DNA. Degenerate primers used
for HMG box motif were – TAIL-HMG-AD1, -AD5, -AD6
and for alpha box motif were TAIL-ALPHA-AD1 and -AD2
[45]. Cycling conditions were same as according to [44] with
annealing reduced to 58uC and 55uC for high stringency cycles.
For the secondary reactions, cycle number was increased to 15
with reduced annealing temperatures (58uC and 55uC) for high
stringency cycles. The final round of TAIL-PCR was performed
in 50 ml reaction volume. Products were purified and sequenced
on one strand with the specific primer. After each round, PCR
products were diluted (406 of primary TAIL-PCR was used as
template for secondary and tenfold dilution of secondary was
used for tertiary TAIL-PCR), and 1 ml of the diluted reaction
mixture was used as template for next PCR.
Sequencing
All PCR products were labeled with the Big Dye Terminator
v3.1 Cycle Sequencing Kit (Life Technologies, Carlsbad, CA,
USA) and cycle sequenced as follows: (1) 1 min 96uC; (2) 26 cycles
of 20 sec 96uC, 5 sec 50uC and 2 min 60uC. Products were then
purified using the Big Dye XTerminator Purification Kit (Life
Technologies). Sequences were detected on 31306l Genetic
Analyzer (Life Technologies) and analyzed with the Sequencing
Analysis Software 3.4 (Life Technologies).
Multiplexing
Specific primers were designed using Primer 3 plus online tool
[46] (Table 2). These primers were then checked for suitability for
use in multiplex PCR. Primer pair Lpul_MAT1-2invFP1 and -
RP1 along with primer set Lpul_MAT1-1F and R was used in
multiplex PCR. The PCR mix used 20 ng DNA extract in a total
volume of 50 ml containing 18 ml of JumpStart REDTaq Ready-
Mix PCR Reaction Mix (Sigma-Aldrich) and 200 nM of each
primer. Cycling conditions were: (1) 2 min 94uC; (2) 35 cycles of
Table 2. List of primers used in the study.
Primer Sequence
Expected
product size Target Reference
ChHMG1 CCYCGYCCTCCTAAYGCNTAYAT
ChHMG2 CGNGGRTTRTARCGRTARTNRGG 300 bp HMG box (MAT1-2) [22]
NcHMG1 CCYCGYCCYCCYAAYGCNTAYAT
NcHMG2 CGNGGRTTRTARCGRTARTNRGG 300 bp HMG box (MAT1-2) [22]
RsMAT-1F ACRTCCTTCTCTGTCATGCTCG
RsMAT-1R TAYYTGATGAACTAYCCTATAC 560 bp Alpha box (MAT1-1) [55]
MAT1-2_invFP1 ACCCCGACCTCCATAACAAT
MAT1-2_invRP1 GGGTGATCCTCCATATGCTT 179 bp L. pulmonaria HMG box (MAT1-2) This study
MAT1-2invFP2 CTCACCCCGACCTCCATAAC
MAT1-2invRP2 TGCTTCTTCTTGAGGTCATCC 181 bp L. pulmonaria HMG box (MAT1-2) This study
Lpul_MAT1_F ATGGCATTCCGTGGTAAGTC
Lpul_MAT1_R TCGACAGTACGACGCAACAT 390 bp L. pulmonaria Alpha box (MAT1-1) This study
Lpul_MAT1_F2 GGAAGCAATGGTTCTAGTGTCA
Lpul_MAT1_R2 TAGCAAGGAACGCATCAAGA This study
TAIL_Alpha_AD1 AGWGNAGWANCAWAGG Alpha box (MAT1-1) [45]
TAIL_Alpha_AD2 TCSTNCGNACNTWGGA Alpha box (MAT1-1) [45]
TAIL_HMG_AD1 NGTCGASWGANAWGAA HMG box (MAT1-2) [45]
TAIL_HMG_AD5 TGYCCNAAYMGNYT HMG box (MAT1-2) [45]
TAIL_HMG_AD5 TTRTTNCCRTANCCDAT HMG box (MAT1-2) [45]
MAT1-1-T-UP1 GATGAAGAAAGAGAATGGG Alpha box (MAT1-1) This study
MAT1-1-T-UP2 GATACTTGTACTGTTGCGCTG Alpha box (MAT1-1) This study
MAT1-1-T-UP3 GTGAACGCTGTGTTGAAGTG Alpha box (MAT1-1) This study
MAT1-1-T-DN1 TGGAAGATAGCGCCGCCGA Alpha box (MAT1-1) This study
MAT1-1-T-DN2 CTAACGGCCGAAGCTGTGAT Alpha box (MAT1-1) This study
MAT1-1-T-DN3 ATGACACAGTGAACCCTGGA Alpha box (MAT1-1) This study
MAT1-2-T-UP1 TCGGGGTGAGCTCTCACTAT Alpha box (MAT1-1) This study
MAT1-2-T-UP2 CCTCGTTCTTCCACTGCTTT HMG box (MAT1-2) This study
MAT1-2-T-UP3 GGGTGATGGTGTTGACGATA HMG box (MAT1-2) This study
MAT1-2-T-DN1 AAGAAGAGGCTGTGATCTCT HMG box (MAT1-2) This study
MAT1-2-T-DN2 CACCCCATAGTCAAAGAAGCT HMG box (MAT1-2) This study
MAT1-2-T-DN3 CACCCCATAGTCAAAGAAGCT HMG box (MAT1-2) This study
doi:10.1371/journal.pone.0051402.t002
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extension. MAT1-1 specific primers amplified a product of ca.
380 bp, and MAT1-2 primers amplified an 180 bp fragment.
Axenic fungal culture DNA was used as positive control, whereas
algal DNA and no template reactions served as negative controls.
Population Genetic Analyses
Samples used in this study were collected in the framework of an
earlier project (see Table 1) [35,40,47]. Eight fungal-specific and
seven algal-specific microsatellite markers were amplified from
total lichen DNA (for RTL, RVZ and RXS seven fungal specific
and seven alga specific markers were used) [42,47–49]. Fragment
lengths were detected on a 3730xl DNA Analyzer (Life Technol-
ogies), and electropherograms were analyzed with GENEMAP-
PER 3.7 (Life Technologies) using LIZ500 as size standard.
Multilocus genotypes (MLG) were defined separately for the
fungal (based on eight loci) and for the algal (based on seven loci)
symbionts.
To check for recombination or clonality in the fungal symbiont
within populations, we performed two tests: i) the overall index of
association (I
S
A) as implemented in LIAN 3.1 [50] (see Table 1); ii)
linkage disequilibrium between pairs of loci within each popula-
tion using Genepop [51], http://genepop.curtin.edu.au/; Table
S1. The significance of allelic associations between pairs of loci was
assessed by carrying out Fischer’s exact test as implemented in
Genepop 4 software [51].
Expected heterozygosity (H) for each population was estimated
for the fungal symbiont using Arlequin software [52] (Table 1). We
used rarefaction to produce estimates of allelic richness that are
comparable among populations with different sample sizes. Allelic
richness was calculated for random subsamples equal to the
smallest sample size across populations (10 samples) using ADZE
[53].
For each population we calculated the number of unique
multilocus genotypes (MLG) and their ratio in the population
(G:N, N=number of genotyped specimens). The calculations were
performed for fungal MLGs i.e. FG (FG:N) and algal MLGs i.e.
AG (AG:N). Samples having identical MLGs were treated as
clones. The degree of clonality of the fungus or percent clonality
(CF) was derived from FG:N as follows: one hundred minus the
percent of unique genotypes. As clonally derived lichen offspring
are expected to share fungal and algal components genetically
identical to their mother thallus (vertical photobiont transmission),
we calculated the number of unique lichen MLG i.e. LG (LG:N,
by combining fungal and algal MLG data) for each population.
We analyzed the ratio of MAT1-1, MAT1-2 isolates in all the
populations (Table 1). As clonal amplification may skew mating-
type frequencies, we accounted for this possibility by clone
correcting populations according to haplotypes. We tested whether
there was significant relationship between MAT gene imbalance
and clonality, by performing a linear regression analysis [54] for
MAT gene ratio (i.e. absolute difference between numbers of
MAT1-1 and MAT1-2 individuals in a population divided by
number of samples) versus percent clonality.
Results
Partial Characterization of the Mating-type Genes of L.
pulmonaria
Degenerate primers (RsMat1-1F&R) [55] targeting the con-
served alpha box motif of MAT1-1 resulted in the amplification of
approximately 500 bp fragment. Combining this sequence with
the 454 sequence data we obtained a total of 900 bp sequence of
MAT1-1. tBLASTx showed the presence of a conserved alpha box
motif and high homology with MAT1-1 protein of various
ascomycetes fungi: Xanthoria polycarpa (32%), Fusarium pseudogrami-
nearum, Fusarium lunulosporum, Fusarium culmorum (30%), Aspergillus
parasiticus, A. flavus, A. oryzae (34%). The L. pulmonaria-specific
MAT1-1 a-box primers target a segment of approximately 380 bp.
No band of this size was amplified in axenic photobiont DNA.
Sequences obtained by degenerate PCR were then searched in the
454 data from the cultured L. pulmonaria mycobiont. Combining
the degenerate PCR sequence with the 454 data and TAIL-PCR
we obtained a 2666 bp fragment of the MAT1-1 gene. No MAT1-
2 sequences were retrieved from the 454 data.
The conserved region of MAT1-2, i.e. the HMG box, was
amplified from genomic DNA as well as from axenic mycobiont
culture of L. pulmonaria with degenerate primers (ChHMG1 and
ChHMG2). A band of the expected size (280–300 bp) was excised
from the gel, purified and sequenced. Combining degenerate PCR
and inverse PCR we obtained a total of 450 bp of the MAT1-2
gene of L. pulmonaria. The sequenced region showed high similarity
with lichen-forming ascomycetes and other fungi, e.g., Xanthoria
polycarpa, Xanthoria parietina and Xanthoria elegans (83% similarity),
Xanthoria flammea (79%), Arthroderma simii (75%), Cladonia galindezii
(74%), Aspergillus parasiticus (70%). The translated protein BLAST
showed the presence of a conserved HMG box. No band of this
size was amplified in axenic photobiont DNA. The L. pulmonaria
MAT1-2 specific primers were then designed from this 450 bp
region for multiplex PCR and TAIL-PCR. The newly-designed L.
pulmonaria-specific MAT1-2 primers amplified a fragment of
180 bp and were used in the multiplex PCR along with L.
pulmonaria specific MAT1-1 primer. We obtained a total of 1400 bp
of MAT1-2 from L. pulmonaria by combining the sequencing results of
degenerate, inverse and TAIL PCR.
Sequences for the MAT1-1 and MAT1-2 mating-type genes in
L. pulmonaria are deposited in GenBank Accession Nos. JX520967
(MAT1-1), JX520966 (MAT1-2).
Mating-type Population Analysis and Genetic Signature
of Recombination
In majority of the samples (96.03%) only one mating-type gene
per specimen was amplified in the multiplex PCR of L. pulmonaria,
i.e., single thalli without apothecia amplified either MAT1-1 or
MAT1-2, hence confirming L. pulmonaria to be heterothallic. The
multiplex primers were used to determine the frequency of MAT1-
1 and MAT1-2 in different populations of L. pulmonaria (Fig S1).
We tested the null hypothesis of an equal number of MAT1-1 and
MAT1-2 isolates within 27 L. pulmonaria populations from a broad
geographic range for a total of 933 lichen thalli. Both mating types
were found in all populations tested. However, in several
populations we found significant deviations from the expected
1:1 idiomorph ratio. Four populations were mostly formed by
MAT1-1 individuals and nine populations of MAT1-2 individuals,
out of the 27 investigated populations (Table 1). Deviations from
expected ratio were observed in small as well as large populations
and less clonal or highly clonal populations. When samples were
clone-corrected based on fungal haplotypes, three populations
were skewed towards MAT1-2 (MO1 Norway, EG Spain, SA6
South Africa). Three populations were excluded from these
analyses because 37 individuals (3.9% of total number of samples)
amplified simultaneously with both MAT1-1 and MAT1-2 primers.
These populations will be the subjects of further investigations
(Singh et al., unpublished data).
We characterized population genetic diversity of 933 thalli of L.
pulmonaria from 27 populations (Table 1), using eight fungal- and
seven algal specific microsatellite markers. The genetic diversity of
populations was assessed by calculating expected heterozygosity
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significant differences in genetic diversity among populations,
except for CHS, which displayed very low expected heterozygosity
(H=0.134) and allelic richness (1.598). The highest H was found
in MO (0.584) while the highest allelic richness was found in EG
(4.079). Average expected heterozygosity was 0.4233 and average
allelic richness was 3.136.
The degree of clonality, assessed by calculating FG:N,
differed significantly between populations, ranging from
10.14% (RXS) to 88.88% (CHS) with an overall average of
0.4450 (Table 1). The index of association (I
S
A) was significantly
different from 0 in most of the populations (Table 1).
Investigations of pairwise LD provide information about the
intensity and extent of recombination in genomes. The pro-
portion of the 28 possible pairs displaying significant pairwise
LD ranged from 7.143% in RVZ to 82.142% in NT (Table
S1). These findings were in concordance with the number of
clonal lichen thalli accounting for pairs of thalli carrying
genetically identical symbionts (Table 1). Linear regression
analysis showed no relationship between MAT gene imbalance
and clonality in populations (R-square=0.00154, Fig. S2).
Discussion
Partial Characterization of MAT Loci in L. pulmonaria
Previous studies suggested that L. pulmonaria is a heterothallic
species [38]. Our study provides genetic evidence of heterothallism
in L. pulmonaria, i.e. the existence of a dimictic mating system with
two idiomorphs, MAT1-1 and MAT1-2 located on a single locus.
The majority of isolates (96.03%) of L. pulmonaria thalli amplified
with either MAT1-1 or MAT1-2 specific primers.
The two idiomorphs were amplified using degenerate primers
designed against conserved alpha box motif (MAT1-1) and HMG
box motif (MAT1-2). The sequenced regions for both MAT1-1 and
MAT1-2 showed presence of respective conserved motifs and also
displayed high sequence similarity with mating-type genes of
lichen-forming ascomycetes and other fungi.
MAT Idiomorph Distribution
Recent population genetic studies have emphasized the crucial
contribution of sexual reproduction in shaping the genetic
composition of L. pulmonaria populations [56] and the obligate
association of L. pulmonaria with the green algal photobiont
Dictyochloropsis reticulata [35]. Previous studies also highlighted the
limited dispersal capability of vegetative propagules [33,57–58],
thus suggesting sexual reproduction to be the dominant mode of
gene flow among populations. The relative contribution of asexual
versus sexual reproduction to the life cycle of L. pulmonaria, is not
known. However the high number of different fungal-algal
genotypic combinations suggests that the lichen is able to maintain
the sexual pathway in the studied populations. In this lichen,
fertility was found to be related to thallus size [59], a trend that has
also been observed in other species of lichen-forming fungi [60–
61]. This is in concordance with the ‘tangled bank’ theory [62]
predicting that sexual reproduction is favored in biologically
saturated environments (i.e., when density and competition
increase) because it increases the number of niches by generating
genetic diversity and allows the formation of new genotypic
combinations of fungal and algal symbionts. As it has been shown
for other symbiotic systems, e.g., coral hosts and their associated
Symbiodinium strains, horizontal transmission maintains a higher
diversity and thus ensures the survival of the symbiosis under
different environmental conditions [63]. However, the acquisition
of a new photobiont from environmental pools may fail, especially
when host selectivity is high [64]. This is indeed the case in L.
pulmonaria, where the fungus is highly selective towards its
photobiont being associated with only one algal species that has
not yet been found as free-living [65]. In L. pulmonaria apothecia
usually occur at later life stages i.e. 15–25 years [41,66], and at
moist and well-lit sites [41]. Therefore, the species mainly depends
on clonal reproduction (vertical transmission) especially at the
early stages of population establishment, dispersing fungal and
algal symbionts together. The presence of both mating types in all
studied populations and the high number of different fungal-algal
genotypic combinations suggest that the lichen is able to maintain
the sexual pathway in the studied populations. However the
significantly disproportionate representation of the two mating
types in a population may hinder sexual reproduction, thus
inhibiting the species from taking the advantage of recombination
even after maintaining the sexual cycle.
Our analyses of 27 populations of L. pulmonaria showed that
strains of both mating types are present in all populations.
However, we found skewed MAT isolate ratios in 13 out of 27
populations tested. We used several population genetics tools to
test for the occurrence of recombination, for further inferring the
mode of reproduction of the studied populations. The expected
heterozygosity in the populations ranged from 0.134 (pop: CHS)
to 0.584 (pop: MO1) with an average of 0.4233. The percentage of
clonality ranged from 10.14% in RXS to 88.88% in CHS. This
indicates that all of the studied populations utilize sexual as well as
asexual reproductive strategies for their propagation. However the
prevalence varies in different populations, with some populations
mostly asexual and others more recombinant. For example, the
Swiss population CHS, German population DS1 and Greek
population GRR have high index of association with 88.88%,
70.42% and 77.14% clonality respectively. Mating gene analysis in
these populations showed skewed MAT genes ratio. Since L.
pulmonaria is a heterothallic species and our analyses showed
significantly unbalanced MAT gene distribution in these popula-
tions, the observed high clonality in these populations may be
caused by the lack or paucity of compatible spermatia (see Fig 7 in
[38]). Conservation strategies for these populations should aim to
equilibrate mating-type frequency and spatial distribution during
conservation measures, to maximize the chances of sexual
reproduction.
Certain populations, e.g. RTL (Russia), SA6 (South Africa), EG
(Spain) and CA (Ukraine) displayed low clonality but medium to
high genetic diversity (H=0.538–0.402), low LD and low index of
association (Ia), suggesting past sexual history. One population
MO1 (Norway), showed average LD and Ia, in-spite of low
clonality and high genetic diversity. However current mating-type
gene ratio in these populations was profoundly unbalanced. This
may be the result of stochastic events such as genetic drift or
population bottleneck resulting in deficit of a particular mating
type in a population in recent past, thus still having high genetic
diversity. The present scenario of biased representation of either
mating type in such populations may hinder sexual reproduction
in this heterothallic species. Special attention for conservation
should be given to such populations. Thallus translocations aiming
to restore the mating-type gene balance should be tested in future
as a conservation measure.
Population EGR showed the lowest genetic diversity (H) and
low Ia, with 44.44% clonality. This population is small (nine
individuals) and has biased MAT gene ratio. It is sensitive to
decline or even extinction because of the scarcity of compatible
MAT type isolates (only one MAT1-1 individual), combined with
small population size and low genetic diversity. The appropriate
conservation strategy for such populations would be thallus
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also to balance the MAT gene ratio.
Our results show that clonality in populations cannot be used to
predict MAT gene imbalance in natural populations. This is
probably due to a number of factors that i) alter the genetic
makeup of populations over time independently of changes in their
MAT gene composition (e.g. gene flow, mutation, genetic drift)
[67]), or ii) introduce bias in the analysis of the clonal structure of
populations (random sampling of the finite population and
suboptimal resolving power of the chosen genetic markers) [68]).
In addition L. pulmonaria sexual reproduction usually occurs at later
life stages (15–25 years) [41,66] before which it remains clonal.
During these long years of population establishment and
propagation clonality is the prime mode of reproduction.
Depending upon the population history and founder individuals
MAT genes can be balanced or dis-balanced independent of the
observed clonality of the population. Significance of MAT gene
frequency is apparent only after many years of population
establishment and long clonal history, which might have resulted
in current disproportionate representation of mating-type isolates
in the population. Availability of reliable markers for mating type
identification in such species thus can be used to estimate current
MAT isolate distribution in such populations. Furthermore thallus
transplants of scarce mating-type isolate in a population will
increase the probability of successful sexual reproduction and
hence long distance spore dispersal. The main conclusion we can
draw from these results is that, at least in case of natural
populations of lichen-forming fungi such as Lobaria pulmonaria with
long generation time and clonal history along with delayed sexual
reproduction, clonality cannot be used to predict MAT imbalance.
Putative Conversion to Homothallism
A few samples (3.9% of the total) from three populations showed
amplification with both mating-type markers. We exclude primer
or sample contamination, as PCRs were double-checked in the
presence of positive - (mycobiont culture DNA), negative -
(photobiont DNA) and no-template controls. Since all apothecia
were removed prior to DNA extraction, we can exclude the
amplification of DNA from intra-thalline spores as an explanation.
Therefore we envision three possible explanations to account for
this observation: i) presence of conidia (asexual fungal spores), or
vegetative diaspores (asexual lichen propagules) of an individual
with opposite mating type on the lobe that was used for extraction;
ii) fusion of thalli with two opposite mating types during the
formation of a new lichen thallus (redifferentiation; [4,69]) iii) co-
occurrence of MAT1-1 and MAT1-2 in the same thallus, i.e. local
switch to homothallism. Concerning the first two points, we can
exclude the amplification of a DNA mix from different thalli or
vegetative diaspores as this would have resulted in double peaks at
some or all L. pulmonaria-specific microsatellite loci. None of the
samples from the three populations having both MAT1-1 and
MAT1-2 showed the presence of double peaks at any of the eight
fungal-specific microsatellite loci.
Intriguingly, there are reports of inter-conversion and co-
occurrence of both kind of sexual systems, i.e. homothallism and
heterothallism, within the same species. Some filamentous
ascomycetes have been reported to be conditionally homothallic
under specific environmental conditions, e.g. the ascomycete
Candida albicans [70], the basidiomycete Cryptococcus neoformans [71–
72]. The transition from heterothallism may lead to reshuffling of
genes even in unigenotype populations.
In our study, the co-occurrence of both idiomorphs in the same
lichen thallus was restricted to a few populations that require
further studies. The switch to homothallism could offer a choice
between outcrossing and selfing in a population, the relative
frequency of their occurrence being governed by specific
environmental and genetic conditions [73–74]. Thus, depending
upon the external triggers one or the other breeding strategy may
be favored. Although we can exclude the presence of mix DNA the
switch to homothallism needs to be confirmed in two ways: i)
sequencing the mating-type locus of a single-spore mycobiont
culture should retrieve both idiomorphs; ii) studies of gene
expression should show the co-expression of MAT1-1 and
MAT1-2 in the same lichen thallus.
Conclusions and Implications for Conservation
Earlier studies suggested conservation translocations through
thallus transplants for L. pulmonaria as a measure for conservation,
especially for small and isolated populations [75–76]. These
studies gave conservation preference to sexual populations rather
than asexual ones on the account of higher genetic variation in
sexual populations and importance of sexual reproduction in
adaptation and evolution. The higher dispersal range of sexual
spores as compared to vegetative spores may also lead to long
distance dispersal and acquisition of new habitat.
This study provides important insights for improving the
conservation strategies of this threatened lichen species and
provides guidelines for other heterothallic lichen-forming fungi.
Previous studies provide evidence that the balance between sexual
and asexual reproduction in fungi may shift in response to selective
pressures [77–78]. Considering the importance of sexual re-
production for adaptation and evolution, we suggest that
conservation translocations of thallus transplants shall also
consider the frequency and local distribution of MAT isolates, in
addition to increasing the number of genotypes. This strategy
would aim at: i) maintaining recombinant those locally adapted
gene pools recently identified by co-phylogeographic studies on L.
pulmonaria symbionts [38,40,79] and, ii) balancing the MAT
idiomorph ratio towards equal frequencies of the mating types.
The mating-type predetermined thallus transplant can also be
used to balance the ratio in populations with skewed idiomorph
ratio. This will increase the probability of sexual reproduction due
to increased availability of spermatia of the compatible mating
type. Skewed frequencies and incompletely overlapping spatial
distribution of mating-type idiomorphs in a population can limit
sexual reproduction and thus be limiting for adaptation and also
for exploration of new habitats for re-colonization. Implementing
conservation translocation strategies in due consideration of MAT
genotypes may help prevent small and fragmented populations
from extinction by providing an option of ‘‘switching to sexual
mode’’ when facing changing environmental conditions. This
mating type-specific conservation translocation can hence assist in
increasing genetic diversity based on the available allelic variation
in the population, thus enhancing adaptation. Furthermore,
previous studies have shown that even rare events of sexual
reproduction may suffice to alter lichen population genetic
structure [35,80] as horizontal photobiont transmission can
reshuffle the symbiosis and generate better adapted fungal-algal
pairs [35].
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Figure S1 Gel image showing multiplex-PCR of eight random
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